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ABSTRACT
AGE-GRADING ADULT FEMALE AEDES AEGYPTI (L.) USING CUTICULAR
HYDROCARBON ANALYSIS
SEPTEMBER 1996
MICHAEL L. DESENA, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor T. Michael Peters
Gas chromatography (FID) was used to measure the time associated, quantitative
changes in the cuticular hydrocarbons (CH's) of female Aedes aegypti (L.) (Diptera:
Culicidae). Cohorts of unstressed Ae. aegypti, Rockerfeller strain (RS), were reared at
24, 28, and 30°C. Samples from each cohort were taken eight different times; from 0-231
degree-days at 33 degree-day intervals (using 17 °C as the threshold temperature). Seven
major peaks were identified in the chromatograms of the cohorts studied. Two of these
peaks were identified as having promise for age grading. The relative abundance of Peak
1 decreased linearly from 0 to 132 degree-days. Peak 5 increased linearly over the same
duration. Two linear regression models were developed from these data for aging female
Ae. aegypti (RS). These models can be used regardless of rearing temperature. A
preliminary blind study, performed to validate the age-grading models, showed the first
regression model (designed to age younger mosquitoes) could predict the age of unknown
females up to 110 degree-days. The estimated age of the 22-110 degree-day unknowns
deviated from the actual age by an average of 14.05 degree-days. Eleven degree-days is

equivalent to one day at 28°C. The second regression model (designed to age mosquitoes
older than 132 degree days) did not perform as well as expected.
The age-grading characters of stressed and unstressed mosquitoes (both reared at
28°C) were compared using Analysis of Covariance (ANACOVA). It was determined
that the stressed and unstressed Peak 1 regressions, given by the relative abundances of
Peak 1, were equal from 0-132 degree-days. The regressions given by the relative
abundances of Peak 5 were also equal from 0-132 degree-days. Two new age-grading
models were developed which included the data for the stressed mosquitoes. These new
models showed relatively little change in performance when compared to the two models
derived solely from the data for unstressed mosquitoes.
Recently colonized Chachoengsao strain (CS) Ae. aegypti were compared with
RS females at 0, 33, 66, and 99 degree-days, using ANACOVA. It was found that the
rate of decrease of Peak 1 and the rate of increase of Peak 5 was the same for both strains.
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CHAPTER I

INMODUCTION

A. Insect Cuticular Hydrocarbons

Insect cuticular hydrocarbons (CHs) have been studied since the late 1960s, with a
notable increase in research beginning in the mid 1970s. The primary function of CHs is
to prevent desiccation of the insect. In Drosophila pseudoobscura increased amounts of
long chain CHs resulted in low cuticular permeability, whereas shorter chain CHs
accounted for high permeability (Toolson 1982). Hadley (1977), found that beetles
acclimated to very high temperatures (e. g. 35°C) had greater quantities of CHs and more
longer chain hydrocarbons. Lockey (1976) first established the waterproofing role CHs
play in cockroaches and grasshoppers.

CHs of insects are comprised usually of n-alkanes, n-alkenes, terminally and
internally branched monomethyl alkanes, and polymethyl alkanes (Blomquist & Jackson,
1979; Dubis et ah, 1987; Haverty et al, 1990; Lockey & Metcalfe, 1988). The n-alkanes
usually range from C11-C36 with odd numbered chain lengths most prevalent. Internally
branched hydrocarbons are substituted usually at odd numbered carbons (Blomquist &
Jackson, 1979).
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Because of the medical and economic importance of Diptera, their CHs have been
the subject of much research. The predominant class of CHs in Diptera is n-alkanes
followed by monomethyl alkanes (Jackson et ah, 1974; Trabalon et ah, 1988b; Pomonis,
1989; Kruger et ah, 1991). There are exceptions, however, to this generalization.
Methyl branched alkanes and alkadienes were the predominant hydrocarbons in
Drosophila pseudoobscura (Blomquist et ah, 1985). Some tsetse flies (Glossina spp.)
were shown to have predominantly trimethyl alkanes as a CH constituent (Nelson et ah,
1988).

B. Insect Cuticular Hydrocarbons in Caste, Kin, and Nest Recognition

Two important roles of CHs in social insects are caste and kin recognition.
Caste-dependent differences were found in the CHs of the eastern subterranean termite
(Reticulitermes flavipes). Both alate and soldier forms had greater amounts of CHs than
did workers (with the soldiers having the greatest amount). The reported purpose of this
increased level of CHs is to protect the soldiers and the alates from desiccation when they
leave the colony (Howard et al., 1978). In Reticulitermes virginicus (Isoptera:
Rhinotermitidae), quantitative differences were reported for the four castes. However, no
qualitative differences were found (Howard et ah, 1982). Bagneres et al. (1991) found
that CHs acted as an interspecific recognition cue for two species of Reticulitermes that
were aggressive towards each other.
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Laboratory reared Solenopsis invicta (Hymenoptera: Formicidae) responded more
aggressively to Sf invicta workers from field colonies than to workers from laboratory
reared colonies. This finding is suggestive that field-collected ants had more detectable
colony recognition cues on their cuticle than did the laboratory reared ants (Obin, 1986).
Colony recognition of the ant, Camponotus vagus, is strongly correlated with CH
composition (Bonavita-Cougourdan et al., 1986). Workers of C. vagus could
discriminate larvae of their own colony from alien larvae of the same species. When
alien larvae were held with larvae from the colony for twenty days the workers could not
differentiate between them. The larvae had a hydrocarbon pattern different from workers
and the queen, but characteristic of the colony (Bonavita-Cougourdan et al., 1989).

The role of CHs in kin recognition also has been reported in honeybees.
Extractable CHs of honeybee workers were shown to be potential chemical cues for kin
recognition. Correlations in CH extracts were highest among closely related individuals.
(Page et al., 1991).

CHs also seem to be involved in nestmate recognition of social wasps. Espelie
and Hermann (1990) found similar CH composition on the larvae, eggs, and male adults
of Polistes annularis. When Polistes metricus adults were allowed to choose between
their nest, another nest, and no nest, the wasps chose their nest 66% time. When the
hydrocarbons were solvent extracted from the nest, they could no longer make the
distinction. Reapplying the hydrocarbons to the nest led to a significant increase in the
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frequency of correct choices (Espelie et al., 1990b). In Polistes dominulus, the foundress
could be distinguished from her offspring by quantitative differences in some of her CHs.
However, discrimination between nestmates and non-nestmates, using CHs, was not
always possible (Bonavita-Cougourdan, 1991).

Some examples of chemical mimicry and convergence of CHs of social insects
have been reported. Espelie and Hermann (1988) found that the social wasp,
Parachartergus aztecus, possesses the same CH composition as the ant Pseudomyrmex
ferrugineus. This may be what allows the wasp to nest in the ant acacia, which is kept
free of other intruders by the ants. It was also found that the wasp and the thorns of the
acacia have hydrocarbons with similar chain length distribution. Howard et al. (1990)
found that the syrphid fly, Microdon albicomatus, which is a predator of larvae within the
nests of Myrmica incompleta (Hymenoptera: Formicidae), has qualitatively the same CHs
as its prey.

C. Insect Cuticular Hydrocarbons as Sex Pheromones

It has been widely reported that CHs serve as contact sex pheromones. CH
composition of the female yellow spruce sawfly was found to contain 10% of the
pheromonally active (Z,Z)-9,19-dienes. In males, however, these same compounds
amounted to only 0.1% of the CH composition (Bartelt et al., 1984).
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Peschke and Metzler (1987) isolated (Z)7-tricosene and (Z)7-heneicosene from
the CHs of the rove beetle, and characterized them as the major components of the female
sex pheromone. When these two compounds were applied to male rove beetles, malemale intraspecific aggression decreased. It was also found that females rejected
copulatory attempts of males that were treated with the female sex pheromone (Peschke,
1987).

In female Blattella germanica, 3,x-dimethylalkanes are the major components in
its CH profile. 3,x-dimethylalkanes are present only in trace amounts in other insects
when present as a CH. This suggests that 3,x-dimethylalkanes may be the biosynthetic
precursor to the dimethylketone contact pheromone components, via sex-specific
oxidation (Jurenka et al., 1989). The major sex pheromone components of Blattella
germanica are reported as 3,11-dimethyl-2-nonacosanone (Ibid.) and 3,11-dimethyl-2heptacosanone (Schal et al., 1990).

In the Diptera, the existing information on CHs as contact pheromones is uneven.
While most groups remain to be investigated, studies on several economically significant
groups (e.g. Ceratopogonidae, Calliphoridae, Drosophilidae, Muscidae, Fanniidae, and
Glossinidae) have been reported. Linley and Carlson (1978) found a component of the
epicuticular waxes that stimulated the male to attempt copulation in the biting midge,
Culicoides melleus. Carriere et al. (1988) found a branched, saturated, CH from the
alfalfa leaf miner that is only present in the female. Bioassays performed on this
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pheromone, 3,7-dimethylnonadecane, showed that it elicited male courtship behavior.
Jackson et al. (1981) reported a possible cuticular pheromone in Drosophila melanogaster
after noting quantitative differences in the lipid components between males and females.
Sex pheromone CH components were also reported in Diptera in the genus Fannia (Uebel
et ah, 1977; Uebel et ah, 1978a; Uebel et ah, 1978b). Trabalon et al. (1990) found that
total amount of CH fluctuated with the rise and fall of ecdysteriods and JH during the first
gonadotrophic cycle of female Calliphora vomitoria. This work suggests hormonal
control of Some CH production.

The role CHs play as contact sex pheromones of Muscidae and Glossinidae have
been extensively investigated. This wealth of information is because of the medical,
veterinary, and economic importance of both families. Cuticular alkenes of the female
stable fly were found to induce male copulatory behavior (Sonnet et al., 1979). Cuticular
sex pheromone components were also reported in flies of the genus Musca (Uebel et al.,
1975; Mackley et al., 1981; Nelson et al., 1981; Adams et al., 1995). Sex pheromones
have been isolated from the cuticle of Glossina morsitans morsitans (Carlson et al.,
1978), Glossina pallidipes (Carlson et al., 1984), Glossina palpalis palpalis (Offor et al.,
1981), and Glossina austeni (Huyton et al., 1980). Carlson and Langley (1986) also
reported significant quantities (e. g. 0.8pg) of a C33 alkene in female tsetse flies that have
mated. In virgin females this alkene was found in only small quantities (e. g. 0.0-0.03pg).
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D. Environmental Effects on the Cuticular Hydrocarbon Profile of Insects

Various environmental effects have been shown to influence the CH profile of
insects. These effects seem to be more quantitative than qualitative. Effects of
temperature on CH profiles have been shown to occur in the Coleoptera, Diptera, and the
Orthoptera. Tenebrionid beetles kept at high temperatures exhibited more total CHs, and
a higher percentage of long chain components. Seventy percent of the beetles acclimated
to 35° had hydrocarbons longer than C32.4 compared to 30 % of the control beetles
(Hadley, 1977).

The total cuticular lipid of the Mexican Bean beetle has also been

shown to increase with increasing temperature (Danehower & Bordner, 1984). The
effects on the CHs by high and low temperatures, as well as humidity and stress, of the
saw-toothed grain beetle (Cucujidae) were reported by Howard et al. (1995). When adult
beetles were stressed they released phenotypically larval dienes onto their cuticle. Also,
high temperatures and desiccation stresses caused more monoenes to be produced,
whereas low temperatures resulted in the beetles producing less monoenes (Ibid.). Gibbs
and Mousseau (1994) found that the melting points of the cuticular lipids of the lesser
migratory grasshopper increased when nymphs were exposed to higher temperatures.
Toolson (1982) reported that it is during the pupal stage of Drosophila pseudoobscura,
that temperature influences the adult CH composition. Adults that experienced high
temperatures during the pupal stage, incorporated more longer chain hydrocarbons into
their CH profile.
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E. Biosynthesis of Insect Cuticular Hydrocarbons

Insects biosynthesize the majority of their hydrocarbon component, however, a
small portion of dietary alkane is incorporated into the cuticular lipids (Howard &
Blomquist, 1982). Nelson (1969) reported that the probable site for CH biosynthesis is
within cells associated with epidermal layer. It was found that acetate and palmitate were
incorporated in vitro into hydrocarbons by the integument of the American cockroach and
the tobacco horn worm. Dillwith et al. (1981) showed that the cuticular hydrocarbonpheromone in the female house fly was synthesized in the abdominal tissue of segments
2-7. The cells responsible for synthesis are most likely the epidermal cells or the
oenocytes. Comparatively, cells of the thorax, head, wings, and fat body tissues produced
very small amounts of hydrocarbon. Gu et al. (1995) reported that the German
cockroach synthesized most of its hydrocarbons in the abdominal epidermal cells or
oenocytes, with the cells of the sternum producing more hydrocarbon than the cells of the
tergum.

The most likely pathway of biosynthesis is elongation of precursors into very long
chain fatty acids, which are then decarboxylated (Dillwith et al., 1981). In some
cockroaches, Major and Blomquist (1978) showed that direct decarboxylation of
hexacosanoic and tetracosanoic acid into n-alkanes, that are one carbon shorter occurs.
Methyl branched alkanes are formed by insertion of methylmalonyl units, derived from
propionate, isoleucine, valine, and succinate, early in the long fatty acid chain elongation
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(Chase et al., 1990). It was later suggested that succinyl-CoA, formed in the gut tract of
termites, is converted to methylmalonyl-CoA. This is then converted to propionate that is
transported from the gut to the epidermal tissue, where it is reconverted to
methylmalonyl-CoA and inserted to form methyl branched hydrocarbons (Guo et ah,
1991). It is now believed that most of the propionate used for making methyl branched
hydrocarbons in termites is produced by gut tract microorganisms (Ibid.)

F. The Use of Insect Cuticular Hydrocarbons for Chemotaxonomv

CHs are useful as a taxonomic tool for two reasons: 1. insects biosynthesize most
of their own hydrocarbon and therefore are a reflection of their genotype. 2. hydrocarbon
mixtures are complex, having many qualitative and quantitative differences (Lockey,
1991). Interspecific CH differences have been shown useful for separating a number of
closely related species.

Howard et al. (1982) reported that the termite Reticulitermes virginicus had
hydrocarbon components that were qualitatively different from the sympatric termite
Reticulitermes flavines. In another study, the three species of the genus Zootermopsis
were studied. It was found that there were four unique hydrocarbon phenotypes within
the genus. This result suggests that there are either four species in the genus, or that CH
profiles are not species specific within the genus (Haverty et al., 1988). Korman et al.
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(1991) further investigated this question and it was found that the two CH groupings
within Zootermopsis nevadensis were not genetically distinct

CH analysis has also been applied as a chemotaxonomic tool for identifying
members of medically important Dipteran species complexes (Phillips et ah, 1988).
Differentiating sibling phlebotomine sandfly species using this technique has been
reported by Ryan et al. (1986), Kamhawi et al. (1987), Phillips et al. (1990a), and
Kamhawi et al. (1992). Carlson and Walsh (1981) and Phillips et al. (1985) demonstrated
the value of CH analysis for separating members of the Simulium damnosum species
complex (Diptera: Simuliidae). Nelson and Carlson (1986) also reported interspecific
differences in the CH profiles of tsetse flies.

Most of the research in this area has focused on separating species in the
Culicidae. Hydrocarbons have been used to differentiate four strains of Aedes aegypti,
(Miller & Novak, 1985) and seven populations of Aedes albopictus (Kruger et al., 1991).
CH analysis has been shown to be useful in differentiating members of the Anopheles
gambiae complex (Carlson & Service, 1979; Carlson & Service, 1980; Anyanwu et al.,
1994), Anopheles culicifacies sibling species (Milligan et al., 1986), three populations of
Anopheles darlingi (Rosa-Freitas et al., 1992), the Anopheles maculipennis complex
(Phillips et al., 1990b), and vector and non-vector forms of the Anopheles maculatus
complex (Kittayapong et al., 1990).
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In addition to its applications for separating Isopteran and Dipteran species, the
possible use of CH as a chemotaxonomic tool has been reported in Aphididae (Lazzari et
ah, 1991), Hymenoptera (Espelie et ah, 1990a), Acrididae (Grunshaw et al., 1990),
Pyralidae (Richmond & Page, 1995), and Scolytidae (Page et ah, 1990).

G. Age-grading

The ability to determine the age (i.e. age-grade) of insect vectors of disease would
lead to a greater understanding of vector ecology, and may also improve vector control
methods (Lehane & Mail, 1985). A reliable age-grading method would also allow a
better determination of vector survivorship. This a critical component in the estimation
of vectorial capacity because survivorship determines the size of the population that is
infective and, the duration of infective life (Milby & Reisen, 1989).

Many age-grading methods have been researched and involve looking at changes
in the reproductive system, in the cuticle, and due to environmental "wear and tear"
(Tyndale-Biscoe, 1984). Follicular dilatations involve looking at "relics" that are left in
the ovary after oviposition or egg resorption. Another age-grading method entails
changes in the tracheolar skeins, or tight bundles of tracheoles, in the ovary. The skeins
uncoil when the ovary wall stretches to accommodate egg development and do not recoil
again. Daily growth bands in the apodemes are another indication of age (Ibid.). Age¬
grading using follicular dilatations is difficult and requires fresh or fresh frozen
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specimens. This procedure gives an indication of the number of gonotrophic cycles, but
is not always accurate (Ibid.). Tracheolar skeins also require fresh specimens and can
only differentiate nulliparous from parous flies (Ibid.).

Daily growth bands do give an

indication of chronological age, but are only deposited for a short time after eclosion
(Ibid.)

Two age grading methods that show promise are eye pigments (i.e. pteridine
accumulation) and CH profiles. The quantification of pteridine accumulation through
fluorescence spectrophotometry was first used by Mail et al. (1983) on Muscidae and was
then used to age-grade tsetse flies (Lehane & Mail, 1985). This method has most recently
been used to age-grade Simulium damnosum (Cheke et al., 1990; Millest et al., 1992),
and Musca autumnal is (Moon & Krafsur, 1995; Krafsur et al., 1995). Depending on the
species investigated, this method may require knowledge of the ambient temperature
record in the area where the flies were collected.

Quantitative changes in the CHs of insects over time have been reported many
times (Armold & Regnier, 1975; Harris et al., 1976; Jackson, 1983; Pomonis & Mackley,
1985; Jackson & Bartelt, 1986; Trabalon et al., 1988a; Pomonis, 1989; Gibbs et al.,
1995). Chen et al. (1990) used the quantitative temporal changes in the CHs to agegrade Culex quinquefasciatus.
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H. Goals of Present Study

The goal of this study was to develop a method, based on CH analysis, to agegrade Aedes aegypti adult females. Ae. aegypti often inhabits relatively small, clean,
environments, frequently resulting in stress during larval development. Because of this,
the secondary goal was to develop an age-grading model that can be used independent of
larval regime (e.g. larval stress) as well as knowledge of ambient temperature record.
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CHAPTER II

MATERIALS AND METHODS

A. Insects

Aedes aegypti (L.) eggs, Rockerfeller Strain (RS), were obtained from the colony
in the Department of Entomology, University of Massachusetts at Amherst. The colony
was originally obtained from the University of Notre Dame. Eggs were stored at 28±1 °C
and 75±5% relative humidity. They were vacuum hatched for 30 minutes to provide for
uniform larval age (Barbosa & Peters, 1969).

Larval cohorts of experimental Ae. aegypti (RS) were exposed to one of four
constant temperature regimes (i.e. 24, 28, 30, and 32°C respectively), and then held as
adults at the same temperatures until sampled.

For each cohort, 200 first instars were placed into white, 30 X 20 X 5 cm, plastic
trays containing 1 liter of aerated tap H2O. Larvae were fed a mixture of lactalbumin and
brewer’s yeast (1:1) according to the following schedule: day 1-3, 50mg/tray/day; day 4,
lOOmg/tray/day; day 5, 150mg/tray/day; day 6, 200mg/tray/day; day 7 150mg/tray/day;
day 8-first pupation, lOOmg/tray/day. Upon pupation, pupae were transferred into a tap
water-filled glass bowl and placed into a cage. When adults began emerging, the bowl
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was placed into another cage in which they were allowed to emerge for 4 hours. The
bowl was then transferred into another cage for an additional 4 hours. This was repeated
until a sufficient number of adult females had emerged. By this process, the time of
emergence of the adults was known to within four hours. Males and Females were held
together to allow for mating. Both larvae and adults were kept in an environmental
chamber (Percival) at their respective temperatures with a 14L:10D photoregime. Adults
were provided a 10% sucrose solution and were offered a blood meal approximately 24
hours before each sample collection. The blood meal was offered by restraining a chick
within a nylon stocking placed in each cage for 30 minutes. An ovipostion bowl, lined
with white filter paper (Whatman 2), was available in each cage.

Adult females were taken from each cohort based on a degree-day schedule, rather
than a chronological one. Accumulated degree-days were determined using 17°C as the
threshold temperature (Christophers, 1960). Five adult females were removed from each
cohort eight different times at 33 degree-day intervals, from 0-231 degree-days (see
schedule in Table 1). Each female was then frozen and stored in a freezer at -10°C in
individual 1ml screw top glass vials (Fisher Scientific) until analyzed.
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Table 1. Sampling schedule (hrs. post-eclosion) for the 4 temperature cohorts of
Aedes aegypti
Elapsed Time (Hrs.)
Deg.-days

24°C

28°C

30°C

32°C

0

At Eclosion

At Eclosion

At Eclosion

At Eclosion

33

113

72
(3 days)

60

53

66

225

144
(6 days)

122

105

99

339

216
(9 Days)

183

158

132

452

288
(12 days)

244

211

165

566

360
(15 days)

305

264

198

679

432
(18 days)

365

317

231

792

504
(21 days)

426

369
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B. Stressed Mosquitoes

A separate cohort of Ae, aegypti (RS) was reared under a larval stressing regime
at 28°C. Larvae were vacuum-hatched, and 600 first instars were placed into each tray.
Larvae were given a restricted diet of lactalbumin and Brewer's yeast (1:1), according to
the following schedule: day 1, 50 mg/tray; day 2, no food; day 3, 50 mg/tray; day 4, 50
mg/tray; day 5, no food; day 6-pupation, 50 mg/tray/day. Pupae and adults were handled
and sampled following the same protocol used for unstressed Ae^ aegypti handled at 28°C

C. Chachoengsao Mosquitoes

A cohort of Chachoengsao strain (CS) Ae. aegypti was reared for comparison to
the Rockerfeller strain Ae. aegypti. Eggs, originally obtained from the Hua Sam Rong
district in Chachoengsao province, Thailand, were stored at 28±1°C. Mosquitoes were
reared and sampled according to the same protocol given above for the 28°C unstressed
RS mosquitoes, except sampling ended at 99 degree-days.

D. Analysis of Unknown Mosquitoes

A blind study was conducted in order to test the age-grading models derived from
the unstressed mosquito data (i. e. Eq. 1 and Eq. 2). The mosquitoes in the study were
reared and sampled by a technician not responsible for the age-grading analysis. Eggs ot
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Ae. aegypti were vacuumed hatched, and 200 first instars were placed into each tray. The
larvae were reared, and eclosion occurred according to the same protocol as the 28°C
unstressed cohort given above. Adults were offered a blood meal for 30 min. every other
day, and were provided 10% sucrose solution and an oviposition site. Two females were
sampled at 22, 44, 66, 88, 110, 132, 154, 176, 198, and 220 degree-days, and each was
placed in individual 1ml screw top glass vials (Fisher). The samples were frozen and
stored in a freezer at -10°C until analyzed. The vials were coded by an using a random
number program. The age of each coded sample was not divulged until the age-grading
analysis had been completed.

E. Insect Preparation for CH Analysis

Individual insect specimens were emersed in 0.1 ml of hexane (Optima grade,
Fisher Scientific) for 5 minutes at room temperature in their vials. Twenty ng of
octadecane (Sigma Chemical), in 10 pi of hexane, was added to each vial as an internal
standard. The hexane extract was transferred by Pasteur pipette to a 0.1 ml conical glass
vial (Kimble) and was concentrated under a stream of nitrogen to = 2 pi. The entire
concentrated extract was injected onto the gas chromatograph column with a 10 pi gastight syringe (Hamilton Company).
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F. Gas Chromatography

Analysis was performed using a Hewlett Packard 5890 Series II gas
chromatograph (GC) fitted with a “double gooseneck” splitless injector, a flameionization detector (FID) and a Scientific Glass Engineering HT5 fused silica capillary
column (25 M X 0.22mm I.D. X 0.1 pm film thickness). The GC was programmed from
100°C to 280°C at a rate of 10°/min, with a final isothermal hold of 22 minutes. Helium
was used as the carrier gas with a flow rate of 2.5 cm/sec. Peak integration was
performed by a Hewlett Packard 3 3 92A integrator. Peak areas and retention times were
recorded with each chromatogram.

G. Statistics

All statistics were performed using STATISTIX 4.0 (NU Analytical Software,
Roseville, MN).
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CHAPTER III

RESULTS

A. Unstressed Mosquitoes

Seven major GC peaks were present in the CH profiles of the age groups and the
temperature cohorts studied. The approximate retention times for each of the seven GC
peaks are as follows: Peak 1, 16.99 min.; Peak 2, 17.81 min.; Peak 3, 18.62 min.; Peak 4,
19.38 min.; Peak 5, 20.24 min.; Peak 6, 20.55 min.; Peak 7, 22.78 min. A typical
chromatogram exhibiting the seven major GC peaks is given in Fig. 1.

The relative abundances of the seven major GC peaks (i. e. normalized by the
total area of the seven peaks) at different ages for each cohort are given in Table 2. The
relative abundances of the seven major GC peaks for each cohort over time are shown in
Figs. 2-8, respectively. There were no qualitative differences among the four temperature
cohorts. Only GC Peak 6 showed a qualitative difference amid the eight age groups
studied. At emergence GC Peak 6 was not present in the CH profiles of any temperature
cohort. It was present, however, in the other seven successively older age groups. In
contrast, quantitative differences did exist over time and among the four temperature
cohorts.
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Table 2. Relative abundances of seven CH GC peaks of adult female Ae. aegypti
(RS) for the four temperature cohorts over time
Peak mean (standard deviation)

DEGREE-DAY
(TEMP.)
0(24)

PEAK 1

PEAK 2

PEAK 3

PEAK 4

0.148(± 0.020)

0.090(±0.010)

0.431(± 0.076)

0.109(+0.057)

0(28)

0.117(±0.010)

0.119(±0.014)

0.398(±0.008)

0.088(+0.017)

0(30)

0.148(±0.041)

0.083(±0.012)

0.470(±0.049)

0.070(+0.017)

0(32)

0.820(+0.021)

0.062(+0.010)

0.455(+0.064)

0.088(+0.022)

33(24)

0.063(±0.011)

0.048(±0.007)

0.290(±0.059)

0.069(±0.027)

33(28)

0.074(±0.023)

0.045(±0.010)

0.325(±0.034)

0.087(±0.054)

33(30)

0.118(±0.023)

0.061(±0.009)

0.396(±0.028)

0.055(±0.018)

33(32)

‘ 0.068(±0.014)

0.050(±0.011)

0.390(±0.009)

0.057(±0.012)

66(24)

0.056(±0.020)

0.052(±0.007)

0.387(±0.076)

0.063(±0.023)

66(28)

0.023(±0.014)

0.053(±0.013)

0.326(±0.019)

0.110(±0.026)

66(30)

0.055(±0.010)

0.068(±0.007)

0.515(±0.016)

0.053(±0.007)

66(32)

0.035(±0.020)

0.040(±0.002)

0.405(±0.046)

0.097(±0.069)

99(24)

0.054(±0.036)

0.308(±0.045)

0.098(±0.018)

0.049(±0.006)

0.343(±0.057)

0.068(±0.046)

99(30)

0.046(±0.031)
0.012(±0.011)
0.043(±0.010)

0.057(±0.009)

0.453(±0.051)

0.073(±0.018)

99(32)

0.030(±0.018)

0.046(±0.011)

0.425(±0.049)

0.070(±0.028)

132(24)

0.000(±0.000)

0.031(±0.019)

0.358(±0.023)

0.050(±0.031)

132(28)

0.037(±0.008)

0.336(±0.057)

0.046(±0.008)

132(30)

0.011(±0.011)
0.035(±0.009)

0.053(±0.007)

0.492(±0.038)

0.057(±0.014)

132(32)

0.024±(0.024)

0.072(±0.014)

0.451 (±0.080)

0.103 (±0.047)

165(24)

0.024(±0.014)

0.041(±0.028)

0.392(±0.029)

0.032(±0.021)

165(28)

0.012(±0.019)

0.052(±0.021)

0.321 (±0.043)

0.068(±0.016)

165(30)

0.026(±0.002)

0.051(±0.009)

0.475(±0.074)

0.073(±0.021)

165(32)

0.028(±0.009)

0.049(±0.011)

0.409(±0.134)

0.124(±0.076)

198(24)

0.0162(±0.015)

0.055(±0.018)

0.378(±0.056)

0.053(+0.032)

198(28)

0.020(±0.019)

0.055(±0.015)

0.374(±0.056)

0.065(±0.020)

198(30)

0.023(±0.002)

0.041(±0.004)

0.432(±0.024)

0.048(+0.006)

198(32)

0.031 (±0.006)

0.048(±0.007)

0.493(±0.029)

0.056(±0.004)

231(24)

0.023(±0.003)

0.053(±0.013)

0.402(±0.037)

0.053(+0.017)

231(28)

0.013(±0.013)

0.054(±0.013)

0.382(±0.075)

0.049(±0.016)

231(30)

0.032(±0.013)

0.050(±0.017)

0.459(±0.064)

0.066(+0.016)

231(32)

0.014(±0.006)

0.037(±0.004)

0.496(±0.057)

0.061(+0.015)

99(28)

Continued on next page
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Table 2. continued
DEGREE-DAY

PEAK 5

PEAK 6

PEAK 7

0(24)

0.087(+0.014)

0.0(+0.0)

0.136(+0.042)

0(28)

0.072(±0.021)

0.0(±0.0)

0.206(±0.037)

0(30)

0.088(+0.052)

0.0(+0.0)

0.142(+0.020)

0(32)

0.188(+0.093)

0.0(+0.0)

0.125(+0.021)

33(24)

0.146(+0.040)

0.116(+0.028)

0.269(+0.031)

33(28)

0.073(±0.007)

0.127(±0.034)

0.269(±0.035)

33(30)

0.078(+0.008)

0.089(±0.009)

0.202(+0.036)

33(32)

0.120(±0.006)

0.091(±0.030)

0.214(±0.025)

66(24)

0.128(+0.076)

0.115(+0.034)

0.199(+0.042)

66(28)

0.138(±0.024)

0.093(±0.017)

0.257(±0.028)

66(30)

0.098(+0.012)

0.077(±0.021)

0.133(+0.028)

66(32)

0.167(±0.052)

0.094(±0.018)

0.162(±0.024)

99(24)

0.151(+0.037)

0.084(+0.023)

0.259(+0.081)

99(28)

0.148(±0.020)

0.118(+0.030)

0.262(±0.033)

99(30)

0.116(+0.021)

0.082(+0.026)

0.176(±0.037)

99(32)

0.199(±0.044)

0.094(±0.018)

0.135(±0.030)

132(24)

0.148(+0.041)

0.102(+0.021)

0.310(+0.091)

132(28)

0.173(±0.032)

0.110(+0.035)

0.285(±0.065)

132(30)

0.147(+0.045)

0.072(+0.017)

0-144(+0.044)

132(32)

0.226(±0.079)

0.047(±0.045)

0.076(±0.076)

165(24)

0.152(+0.030)

0.101(+0.028)

0.257(+0.042)

165(28)

0.172(±0.026)

0.109(±0.011)

0.267(±0.021)

165(30)

0.136(+0.018)

0.088(+0.032)

0.152(+0.032)

165(32)

0.229(±0.066)

0.048(±0.015)

0.112(±0.047)

198(24)

0.179(+0.021)

0.085(+0.028)

0.233(+0.044)

198(28)

0.232(±0.033)

0.068(±0.034)

0.187(±0.064)

198(30)

0.161(+0.030)

0.086(±0.033)

0.210(+0.029)

198(32)

0.202(±0.007)

0.053(±0.010)

0.116(+0.017)

231(24)

0.190(±0.043)

0.071(+0.010)

0.209(±0.077)

231(28)

0.202(±0.042)

0.090(±0.038)

0.210(±0.055)

231(30)

0.169(+0.032)

0.076(+0.024)

0.147(+0.056)

231(32)

0.224(±0.039)

0.047(±0.015)

0.120(±0.008)

(TEMP)
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Fig. 1. Typical gas-liquid chromatogram of the CH profile of Ae. aegypti
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Fig. 2. Relative abundances of CH GC Peak 1 for each temperature cohort of
Ae. aeygpti (RS) over time
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Fig. 3. Relative abundances of CH GC Peak 2 for each temperature cohort of
Ae. aeygpti (RS) over time
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Fig. 4. Relative abundances of CH GC Peak 3 for each temperature cohort of
Ae. aeygpti (RS) over time
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Fig. 5. Relative abundances of CH GC Peak 4 for each temperature cohort of
Ae. aeygpti (RS) over time

31

Age (Degree-days)

Relative Abundance

Fig. 6. Relative abundances of CH GC Peak 5 for each temperature cohort of
Ae. aeygpti (RS) over time
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Fig. 7. Relative abundances of CH GC Peak 6 for each temperature cohort of
Ae. aeygpti (RS) over time
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Fig. 8. Relative abundances of CH GC Peak 7 for each temperature cohort of
Ae. aeygpti (RS) over time
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Although the 24-32°C range of experimental temperatures covered the range of
ambient temperatures that adult Ae. aegypti are exposed to in the natural environment,
32°C is an unrealistically high larval rearing temperature (Edman, personal
communication). In addition, a sex ratio distortion (i.e. more males than females)
occurred in the 32°C cohort. To eliminate any bias that this unrealistic temperature may
cause, the 32°C data have been eliminated from any further consideration in this study.

GC Peaks 1 and 5 were identified as having temporal patterns that were
independent of temperature, and also as having slopes significantly different from zero
that could be used in an age-grading algorithm. For all three temperature regimes, the
relative abundance of Peak 1 decreased over time and had a slope significantly different
from zero (24°C, 28°C, and 30°C p< 0.0001 respectively). The relative abundance of
Peak 5 increased over time and had a slope significantly different from zero (24°C, 28°C,
and 30°C p< 0.0001 respectively) for all three temperature regimes. The opposite slopes
that the relative abundances of GC Peaks 1 and 5 exhibit are useful for age-grading,
because when utilized in an age-grading model the changes over time will be accentuated.
The other 5 major CH GC peaks do not appear to be useful for age-grading . The relative
abundances of GC Peak 2 do not show trends that could be used to indicate age. The
relative abundances of Peak 3 exhibit quantitative differences over time, but these
changes are not consistent among the temperature cohorts. Like GC Peak 2, the relative
abundances of GC Peaks 4 and 6 do not show temporal trends that could be used in an
age-grading model. The relative abundances of Peak 7 exhibit quantitative differences
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over time, but these changes are not consistent among the temperature cohorts.
Therefore, these five CH GC peaks were eliminated from further consideration. The
relative abundances of CH GC Peaks 1 and 5 (i.e. normalized by the total area of only
Peak 1 and Peak 5) were subsequently determined and are presented in Table 3. The
relative abundances of Peak 1 and Peak 5 for each rearing temperature over time are
shown in Figs. 9 and 10 respectively.

Analysis of covariance (ANACOVA) was performed on the regressions of the
relative abundances of GC Peak 1 and Peak 5, in order to compare the three temperature
cohorts. The ANACOVA was first performed on the entire data set (i.e. 0-231 degreedays) and then on a truncated data set (i.e. 0-132 degree-days). Two variables were
created for the ANACOVA. The first was a dummy variable denoting rearing
temperature, the second was an interaction term obtained by multiplying the samples
degree-day value with the dummy variable value (i.e. 0 or 1). A statistically significant
dummy variable would indicate unequal y-intercepts. A statistically significant
interaction term indicates unequal slopes. If both the slope term and the y-intercept term
are not significant, the regressions are then considered equal. The results of the
ANACOVA are given in Table 4.
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Table 3. Relative abundances of CH GC Peaks 1 and 5 of adult female Ae. aegypti
(RS) for the three temperature cohorts over time
Peak mean (standard deviation)

DEGREE-DAY

PEAK 1

PEAK 5

0(24)

0.640(+0.096)

0.360(±0.096)

0(28)

0.623(±0.088)

0.377(±0.088)

0(30)

0.636(+0.170)

0.364(±0.170)

33(24)

0.308(±0.061)

0.692(±0.061)

33(28)

0.496(±0.059)

0.504(±0.059)

33(30)

0.598(±0.070)

0.402(±0.070)

66(24)

0.336(+0.154)

0.664(±0.154)

66(28)

0.143(±0.093)

0.857(±0.093)

66(30)

0.360(±0.055)

0.640(±0.055)

99(24)

0.228(±0.150)

0.772(±0.150)

99(28)

0.070(±0.064)

0.930(±0.064)

99(30)

0.275(±0.071)

0.725(±0.071)

132(24)

0.000(+0.000)

1.000(±0.000)

132(28)

0.060(±0.057)

0.940(±0.057)

132(30)

0.199(+0.066)

0.801(±0.066)

165(24)

0.140(±0.079)

0.860(±0.079)

165(28)

0.062(+0.100)

0.938(±0.100)

165(30)

0.161 (±0.048)

0.839(±0.048)

198(24)

0.078(±0.074)

0.922(+0.074)

198(28)

0.077(±0.068)

0.923(±0.068)

198(30)

0.125(±0.021)

0.875(±0.021)

231(24)

0.109(±0.013)

0.891(±0.013)

231(28)

0.059(+0.057)

0.941(±0.057)

231(30)

0.161(±0.070)

0.839(±0.070)

(TEMP)
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Fig. 9. Relative abundances of CH GC Peak 1 for the three temperature
cohorts of Ae. aeygpti (RS) over time
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Fig. 10. Relative abundances of CH GC Peak 5 for the three temperature
cohorts of Ae. aeygpti (RS) over time
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Table 4. Comparison of the 24 and 30°C cohorts to the 28°C cohort of Ae. aegypti
(RS) by ANACOVA of the regressions of the relative abundances of GC Peaks 1
and 5
y-intercept term p value
24°C - 0.666

slope term p value
24°C - 0.850

30°C - 0.017

30°C - 0.784

24°C - 0.666

24°C - 0.850

30°C-0.017

30°C - 0.784

Peak 1
0-132 degree-days

24°C - 0.861

24°C - 0.444

30°C - 0.234

30°C-0.146

Peak 5
0-132 degree-days

24°C - 0.861

24°C - 0.444

30°C - 0.234

30°C - 0.146

Peak 1
0-231 degree-days
Peak 5
0-231 degree-days

B. Stressed Mosquitoes

Because only GC Peaks 1 and 5 from the unstressed mosquitoes showed relative
abundance patterns of CH that appeared useful for age-grading, only these two peaks
were investigated in the stressed Ae. aegypti (RS) cohort. Relative abundances of Peak 1
and Peak 5 (i.e. normalized by the total areas of only Peak 1 and Peak 5) over time from
the 28° unstressed and 28° stressed cohorts are compared in Table 5, and shown in Figs.
11 and 12. There were no qualitative differences among the CH profiles of stressed and
unstressed mosquitoes. GC Peaks 1 and 5 from the larval stressed mosquito data
exhibited similar patterns over time as determined for the 28° reared unstressed
mosquitoes. The relative abundances of GC Peak 1 decreased over time where as GC
Peak 5 increased over time. There is certainly a possibility that these results could have
been different at 24 or 30°C, however, stressed mosquitoes at these temperatures could
not be produced. The 24°C larvae developed too slowly to become stressed, whereas the
30°C stressed cohort experienced too much larval die off for the experiment to be
completed.

An analysis of covariance (ANACOVA) was performed on the regressions of the
relative abundances of GC Peak 1 and Peak 5, in order to compare the stressed and
unstressed cohorts. The ANACOVA was first performed on the entire data set (i.e. 0-231
degree-days) and then on a truncated data set (i.e. 0-132 degree-days). Again, two
variables were created for this analysis. The first was a dummy variable denoting the
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stressed condition, and the second was the degree-day x dummy value interaction term.
The results are provided in Table 6.

C. Chachoengsao Mosquitoes

The relative abundances of GC Peak 1 and Peak 5 (i.e. normalized by the total
areas of only Peak 1 and Peak 5) over time for the 28°C unstressed cohort of RS and CS
Ae. aegypti are compared in Table 7 and shown in Figs. 13 and 14. Again, there were no
qualitative differences among the CH profiles of the CS and the RS mosquitoes. Peaks 1
and 5 for the CS data exhibited similar patterns to the 28°C reared unstressed RS
mosquitoes. GC Peak 1 decreased and GC Peak 5 increased from 0-99 degree-days.

An ANACOVA was performed on the regressions of the relative abundances of
GC Peak 1 and Peak 5, in order to compare Ae. aegypti CS to Ae. aegypti RS. Two
variable were created for the ANACOVA. The first was a dummy variable denoting the
strain, and the second was the degree-day x dummy variable interaction term. The
results of the ANACOVA are given in Table 8.

D.' Analysis of Unknown Mosquitoes

The results from the blind study are given in Table 9. There was only one
mosquito reported from the 44 degree-day sampling group. The chromatogram from the
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other mosquito in this group was unreadable probably due to contamination of the sample
vial.
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Table 5. Relative abundances of CH GC Peaks 1 and 5 for 28°C stressed and
unstressed adult female Ae. aegypti (RS) over time
Peak mean (standard deviation)

DEGREE-DAY

PEAK 1

PEAK 5

O(unstressed)

0.623(+0.088)

0.377(+0.088)

0 (stressed)

0.680(±0.082)

0.320(±0.082)

33(unstressed)

0.496(±0.059)

0.504(+0.059)

3 3 (stressed)

0.624(±0.079)

0.376(±0.079)

66(unstressed)

0.143(+0.093)

0.857(+0.093)

66(stressed)

0.328(±0.101)

0.672(±0.101)

99(unstressed)

0.070(+0.064)

0.930(±0.064)

99(stressed)

0.237(±0.082)

0.763(±0.082)

132(unstressed)

0.060(+0.057)

0.940(+0.057)

132(stressed)

0.312(±0.093)

0.688(±0.093)

165(unstressed)

0.062(+0.100)

0.938(+0.100)

165(stressed)

0.132(±0.052)

0.867(±0.052)

198(unstressed)

0.077(+0.068)

0.923(+0.068)

198(stressed)

0.160(±0.052)

0.839(±0.052)

231 (unstressed)

0.059(+0.057)

0.941(+0.057)

231 (stressed)

0.080(±0.063)

0.921 (+0.063)
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Fig. 11. Comparison of the relative abundance of CH GC Peak 1 for 28°C
stressed and unstressed Aedes aegypti (RS) over time
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Fig. 12. Comparison of the relative abundance of CH GC Peak 5 for 28°C
stressed and unstressed Aedes aegypti (RS) over time
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Table 6. Comparison of the 28°C stressed cohort to the 28°C unstressed cohort of
Ae. aegypti (RS) by ANACOVA of the regressions of the relative abundances of GC
Peaks 1 and 5
y-intercept term p value
for stressed mosquitoes

slope term p value for
stressed mosquitoes

Peak 1
0-231 degree-days

0.008

0.492

Peak 5
0-231 degree-days

0.008

0.492

Peak 1
0-132 degree-days

0.250

0.121

Peak 5
0-132 degree-days

0.250

0.121

/

#
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Table 7. Relative abundances of CH GC Peaks 1 and 5 for 28°C CS and RS adult
female Ae. aegypti (RS) over time
Peak mean (standard deviation)
DEGREE-DAY

PEAK 1

PEAK 5

O(Rockerfeller)

0.623(+0.088)

0-377(+0.088)

O(Chachoengsao)

0.800(±0.043)

0.200(±0.043)

33(Rockerfeller)

0.496(+0.059)

0.504(+0.059)

3 3 (Chachoengsao)

0.683(±0.053)

0.317(±0.053)

66(RockerfelIer)

0.143(+0.093)

0.857(+0.093)

66(Chachoengsao)

0.470(±0.052)

0.530(+0.052)

99(Rockerfeller)

0.070(+0.064)

0.930(+0.064)

99(Chachoengsao)

0.332(±0.160)

0.668(±0.160)

(TEMP)
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Fig. 13. Comparison of the relative abundance of CH GC Peak 1 for 28°C RS
and CS Aedes aegypti over time
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Rel. Abund.

Age (Degree-days)

Fig. 14. Comparison of the relative abundance of CH GC Peak 1 for 28°C RS
and CS Aedes aegypti over time

59

Rel. Abund.

1

Age (Degree-days)

Table 8. Comparison of the CS cohort to the RS cohort of Ae. aegypti by
ANACOVA of the regressions of the relative abundances of GC Peaks 1 and 5

Peak 1
0-99 degree-days
Peak 5
0-99 degree-days

y-intercept term p value
for CS mosquitoes

slope term p value for CS
mosquitoes

0.001

0.138

0.001

0.138
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Table 9. Age-grading of unknown Ae. aegypti adult females using age-grading Eq. 1
and Eq. 2
Sample
Code
3.7(1)
3.7(2)
7.6(1)
9.9(1)
9.9(2)
0.2(1)
0.2(2)
4.0(1)
4.0(2)
8.4(1)
8.4(2)
0.5(1)
0.5(2)
0.1(1)
0.1(2)
4.9(1)
4.9(2)
4.6(1)
4.6(2)

Actual
Age
(Deg.-days)
22
22
44
66
66
88
88
110
110
132
132
154
154
176
176
198
198
220
220

Estimated Eq.l Deviation
Deg.-day
from
Eq. 1
Actual Deg.-day
11.60
10.40
16.92
5.08
26.52
17.48
77.72
11.72
51.04
14.96
96.72
8.72
76.46
11.54
96.35
13.65
77.08
32.92
85.22
46.78
29.54
102.46
76.04
77.96
69.72
84.28
73.17
102.83
66.04
109.96
97.82
100.18
97.74
100.26
88.24
131.76
137.62
82.38
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Estimated
Deg.-day
Eq. 2
2.48
10.61
25.38
109.28
63.97
149.43
106.98
148.49
108.10
123.63
166.24
109.71
121.75
167.49
199.88
159.04
152.14
129.83
118.04

Eq.2 Deviation
from
Actual Deg.-day
19.52
11.39
18.62
43.28
2.03
61.43
18.98
38.49
1.90
8.37
34.24
44.29
32.25
8.51
23.88
38.96
45.86
90.17
101.96

CHAPTER IV

DISCUSSION

A. Unstressed Mosquitoes

In order to develop an age-grading method that can be utilized regardless of larval
rearing conditions and ambient temperature, the relative abundances of the CHs of the
three temperature cohorts should result in equal regression lines. As demonstrated in the
results section, this was tested by using ANACOVA.

The ANACOVA was first performed on the entire data set (i.e. 0-231 degreedays) and then on a truncated data set (i.e. 0-132 degree-days). The 0-132 degree-day
interval is where the regressions of the relative abundances of GC Peaks 1 and 5 give the
greatest and most linear slopes, therefore giving the strongest regression model.
ANACOVA of the entire relative abundance of GC Peak 1 data set showed that the
regression of the 24°C data had the same slope (p = 0.850) and y-intercept (p = 0.666) as
the 28°C data. ANACOVA also showed that the regression of the 30°C data had the
same slope (p = 0.784) but a different y-intercept (p = 0.017) when compared to the 28°C
data. ANACOVA of the relative abundance of Peak 5 gave the same results as above.
The 24°C data had the same slope (p = 0.850) and y-intercept (p = 0.666) as the 28°C
data, and the 30°C data had the same slope (p = 0.784) but a different y-intercept (p =
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0.017) when compared to the 28°C data. ANACOVA of the truncated (i. e. 0-132 degreedays) GC Peak 1 data set showed that the 24°, 28°, and 30°C cohorts gave equal relative
abundance regressions. The 24°C data regression had an equal slope (p = 0.444) and yintercept (p = 0.861) as the 28°C data. The 30°C data regression also had the same slope
(p = 0.146) and y-intercept (p = 0.234) as the 28°C data. ANACOVA of the truncated
(i.e. 0-132 degree-days) Peak 5 data set again showed that the regressions of the 24°, 28°,
and 30° temperature cohorts were equal. The 24°C data regression had an equal slope (p
= 0.444) and y-intercept (p = 0.861) as the 28°C data. The 30°C data regression also had
the same slope (p = 0.146) and y-intercept (p = 0.234) as the 28°C data. These results
indicate that an age-grading model could be developed and used independent of ambient
temperature. Based on these results, the most accurate age-grading model, would be a
model that is restricted to aging mosquitoes up to 132 degree-days.

After several attempts at developing an age-grading model, including the use of
principal component analysis and two-way ANOVA, I found that linear regression
provided an accurate age-grading model. The first age-grading regression model is a
single variable regression with the relative abundance of GC Peak 1 as the independent
variable. It was made using the data from the truncated (i.e. 0-132 degree-days) data sets.
The age-grading model is given in the following equation:
Degree-days = 122.293 - 169.158xPl
The model has an overall p < 0.0001 and an r2 = 0.70. Adding a dummy variable
representing the 24°C mosquito data to the regression model did not improve it
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[Eq. 1]

significantly (i.e. 24°C dummy variable partial F test p = 0.220). Adding a dummy
variable representing the 30°C mosquito data to the regression model did improve the
model significantly (i.e. 30°C dummy variable partial F test p = 0.0005) with the r value
increasing to 0,75. This means that "telling" the model that data are from the 24°C reared
mosquitoes does not improve the model. However, telling the model which data are from
the 30°C reared mosquitoes did significantly improve the model. Despite the significant
improvement provided by the 30°C dummy variable, the single variable model explains
enough of the variability in the data (r = 0.70) to be a useful model without knowledge of
the ambient temperature record. There were no other independent variables that could be
added to significantly improve the age-grading model. When testing a mosquito of
unknown age, it is intended that this model be used first. If the model returns a value
greater than 132 degree-days, a second model should be used that is constructed to age
older mosquitoes. It should be noted that when age-grading an unknown mosquito the
presence or absence of Peak 6 in the CH profile should be determined. The absence of
Peak 6 is indicative of a very young mosquito. If Peak 6 is present the age-grading model
should then be used.

The next step, therefore, was to develop a model that could age-grade mosquitoes
older than 132 degree-days. This model was developed from the entire data set and is to
be used if the model given (i.e. Eq. 1) above yields a degree-day value greater than 132
degree-days. The most effective linear regression model, for this purpose, that did not
take rearing temperature into consideration was a two variable model using Peak 1 and
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Peak 5/Peak 1 as the independent variables. The second model is given in the following
equation:

Degree-days = 162.342 - 247.759xPl + 4.348xP5/Pl

[Eq. 2]

The second model has an overall p<0.000 and an r = 0.68 (partial F test ppi <0.0001;
partial F test pPi/p5 = .030). Adding a variable for the 24°C reared mosquito data did not
significantly improve the model (partial F test p24° = 0.833). Including a variable for the
30°C reared mosquito data, however, again significantly improved the model (partial F
test p3o° = 0.006) with the r value improving to 0.70. As in the first model, incorporating
rearing temperature data into the age-grading model did significantly improve it.
Nevertheless, the two variable model has a high enough r value (0.68) to be an effective
age-grading model without knowledge of the ambient temperature record.

The single or two variable age-grading model, given above, will age-grade female
Ae. aegypti regardless of the ambient temperature record and with relative ease. This is
of great benefit when attempting to age-grade wild mosquitoes, especially from an area
where the ambient temperature record is spotty, or non-existent.

B. Stressed Mosquitoes

To determine if the age-grading model could be used to age-grade adults for both
stressed and unstressed larvae, the regressions given by the changes in the relative
abundances of GC Peak 1 over time from 28°C larval stressed and 28°C unstressed RS
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mosquitoes were compared by ANACOVA. The ANACOVA performed on the entire
Peak 1 data set showed that the stressed mosquito data had the same slope (p = 0.492) but
a different y-intercept (p = 0.008) as the unstressed mosquito data. The ANACOVA
performed on the relative abundances of Peak 5 also showed that the stressed mosquito
data had the same slope (p = 0.492) but a different y-intercept (p = 0.008) as the
unstressed mosquito data. The ANACOVA performed on the truncated relative
abundance of Peak 1 data set showed that the stressed and unstressed mosquito data gave
equal slopes and y-intercepts (p = 0.121, p = 0.250 respectively) and are therefore equal
regressions. The analysis also showed that the relative abundances of Peak 5 for the
stressed and unstressed mosquito data gave equal slopes and y-intercepts (p = 0.121, p =
0.250 respectively) and are therefore equal regressions. This suggests that stressed
mosquito data can be included in the age-grading model without effecting its
performance.

Data from larval stressed mosquitoes were then included in the data set used to
derive the age-grading models discussed in the previous section that was constructed
using the three unstressed temperature cohorts. The age-grading model obtained from
this new truncated data set (i. e. 0-132 degree-days), through linear regression analysis, is
given in the following equation:

Degree-days = 125.241 - 166.667xPl

[Eq. 3]

This model has an overall p<0.0001 and an r2 = 0.67. Adding the stressed data did
decrease the variability explained by the model, but only by 3%. When a dummy variable
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that represents the stressed data, was included the improvement the model was
statistically significant (partial F test Pstress^ 0.010;

r2=

0.69).

Performing a linear regression on the entire data set (i. e. 0-231 degree-days) gave
the following age-grading model:

Degree-days = 167.102 - 247.971xPl + 4.073xP5/Pl

[Eq. 4]

This model had an overall p<0.0001 and an r = 0.69. The p values of the partial F test
for PI and P5/P1 were also significant (ppi<0.0001; ppi/P5 = 0.009). Adding a dummy
variable representing the stressed data did not significantly improve the model (partial F
test Pstress= 0.134). Again, this model should be used if the model derived from the
truncated data set provides a degree-day value greater than 132 (i.e. Eq. 3).

These results show that the same model can be used when age-grading stressed or
unstressed mosquitoes. Any uncertainty about a possible decrease in performance of the
model due to aging a possibly stressed mosquito of unknown age could be could be easily
minimized by taking a wing length measurement (Nasci, 1986). The measurement could
guide the investigator as to which model should be used.

C. Chachoengsao Mosquitoes

The regressions the relative abundances of GC Peak 1 and Peak 5, given by the
28°C CS and 28°C unstressed RS mosquitoes, were compared by ANACOVA. The slope
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given by the regression of the relative abundances of GC Peak 1 over time for the
Chachoengsao strain was equal to the Rockerfeller strain (p = 0.138). The two strains,
however, had unequal y-intercepts (p = 0.001). The slope given by the regression of the
relative abundances of GC Peak 5 over time for the Chachoengsao strain was equal to the
Rockerfeller strain (p = 0.138), however, the two strains has unequal y-intercepts (p =
0.001). The data from the Chachoengsao mosquitoes were not used in the age grading
model because the data set was incomplete. They do provide, however, some valuable
information. The relative amounts of Peak 1 and Peak 5 from the Chachoengsao strain
change at the same rate as the Rockerfeller strain. This suggests that a strain from
Thailand, which has only been in colony for 3 years, has the same age-grading CH
characters as a strain that has been in colony for decades. The CS mosquitoes did have a
greater relative abundance of Peak 1 and a smaller relative abundance of Peak 5 RS
mosquitoes. This phenotypic variation, as indicated by the quantitative differences in the
CH profile, may be related to the genetic isolation of these two strains.

D. Analysis of Unknown Mosquitoes

Equation 1 was accurate in its ability to predict the age of female Ae. aegypti up to
110 degree-days. The model does not appear to be reliable for age-grading mosquitoes
that are older. The estimated age of 22-110 degree-day unknowns deviated from the
actual age by an average of 14.05 degree-days. Equation 2 did not perform as well as
expected, however, it did seem promising for the 132 and 176 degree-day samples. The
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sample sizes used for this study were very small (i.e. 1-2 samples), therefore more
samples need to be age-graded before the performance of the model can be reliably
determined.

There are issues that require further investigation. Test mosquitoes were reared
under constant temperature. It is obvious that this is not the natural condition. The effect
that fluctuating temperature has on the CH profile, and therefore on the age-grading
model, must be investigated. However fluctuations in temperature seem unlikely to effect
the two peaks used in the model. This is indicated by the finding that the relative
abundances of Peaks 1 and 5 were essentially unaffected by the three constant
temperature regimes. This hypothesis must be proven, however, before full credence can
be given to the model. This question will, in part, be answered by the analysis of
mosquitoes from a mark-release-recapture experiment. In January 1996 three day old
marked mosquitoes were released in Yanes III, of Florida, Puerto Rico, and were then
recaptured over the next 10 days. The ability of the age-grading models to age these
mosquitoes should indicate whether fluctuating temperature has any effect on the age¬
grading CH characters. These mosquitoes are not yet analyzed because the release
occurred after the research for my Master's degree had ended. The model also needs to be
improved to age mosquitoes that are older than the current limits of the model will allow.
Mosquitoes will need to be aged for their entire life-span in captivity before the
survivorship of Ae. aegypti in nature can be fully determined. The results of the CS
mosquitoes show that geographic variation must be investigated. It is possible that
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separate age-grading models must be developed for each population of Ae. aegypti
investigated. The preliminary results suggest, however, that the CH characters used in the
age-grading model (i.e. Peak 1 and Peak 5) will be the same for each population sampled.
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